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Abstract 
The regeneration of the oral siphon (OS) and other distal structures in the ascidian Ciona 
intestinalis occurs by epimorphosis involving the formation of a blastema of proliferating cells.  
Despite the longstanding use of Ciona as a model in molecular developmental biology, 
regeneration in this system has not been previously explored by molecular analysis.  Here we 
have employed microarray analysis and quantitative real time RT-PCR to identify genes with 
differential expression profiles during OS regeneration.  The majority of differentially expressed 
genes were downregulated during OS regeneration, suggesting roles in normal growth and 
homeostasis.  However, a subset of differentially expressed genes was upregulated in the 
regenerating OS, suggesting functional roles during regeneration.  Among the upregulated genes 
were key members of the Notch signaling pathway, including those encoding the delta and 
jagged ligands, two fringe modulators, and to a lesser extent the notch receptor.  In situ 
hybridization showed a complementary pattern of delta1 and notch gene expression in the 
blastema of the regenerating OS.  Chemical inhibition of the Notch signaling pathway reduced 
the levels of cell proliferation in the branchial sac, a stem cell niche that contributes progenitor 
cells to the regenerating OS, and in the OS regeneration blastema, where siphon muscle fibers 
eventually re-differentiate.  Chemical inhibition also prevented the replacement of oral siphon 
pigment organs, sensory receptors rimming the entrance of the OS, and siphon muscle fibers, but 
had no effects on the formation of the wound epidermis.  Since Notch signaling is involved in the 
maintenance of proliferative activity in both the Ciona and vertebrate regeneration blastema, the 
results suggest a conserved evolutionary role of this signaling pathway in chordate regeneration.  
The genes identified in this investigation provide the foundation for future molecular analysis of 
OS regeneration.  
Introduction 
Understanding the mechanisms of tissue regeneration and their evolutionary modifications 
are among the most important challenges in modern biology.  Whereas the body parts of most 
adult vertebrate species show limited regenerative abilities,  the amphibians and teleosts are able 
to completely replace appendages, tails, and even the lens of the eye (Tsonis, 2000; Brocks and 
Kumar, 2008; Poss, 2010).  Vertebrates with strong regenerative capacities exhibit pluripotent 
stem cells that are set-aside during development to replenish injured tissues and organs (Bryant 
et al., 2002; Sanchez-Alvarado and Tsonis, 2006). In these animals, regeneration is dependent on 
the formation of a blastema of proliferating cells that contributes newly differentiated cells to re-
forming structures. Notch signaling appears to be important for the maintenance of cell 
proliferation in the vertebrate regeneration blastema (Grotek et al., 2013; Münch et al., 2013).  
Along with many other functions, the Notch signaling system is also involved in vertebrate 
cardiac and skeletal muscle regeneration (Conboy and Rando, 2002; Raya et al., 2003; Zhao et 
al., 2014).   
In contrast to most vertebrates, invertebrate chordates (cephalochordates and tunicates) 
have extensive regeneration capacities (Berrill, 1951; Tiozzo et al., 2008; Somorjai et al., 2010), 
suggesting that regeneration is an ancestral chordate trait that has been modified during 
vertebrate evolution.  The phylogenetic status of the tunicates as the probable sister group of 
vertebrates (Delsuc et al., 2006; 2008; Bourlat et al., 2006) renders them attractive for studying 
the comparative biology of chordate regeneration.  Regeneration is best known in the ascidian 
tunicates (Berrill, 1951; Tiozzo et al., 2008).  After the removal of zooids and immature buds, 
the entire body of Botryllid colonial ascidians can be replaced by totipotent stem cells residing in 
the residual basal vasculature (Rinkevich et al., 1995; Brown et al., 2009).  Regeneration is 
probably more limited in solitary ascidians, such as Ciona intestinalis, in which distal body parts 
can be replaced from proximal parts, as long as the latter contain a portion of the branchial sac 
(Hirschler, 1914; Jeffery, 2015a).  In Ciona, the oral siphon (OS), a muscular tube leading into 
the mucus-forming pharynx, and the neural complex, which includes the brain and the associated 
neural gland, are able to regenerate with complete fidelity within about a month after their 
removal (Sutton, 1953; Whittaker, 1975; Bollner, et al., 1992; 1993; 1995; Dahlberg et al., 2009; 
Auger et al., 2010).  The OS pigment organs (OPO), which are sensory receptors rimming the 
siphon opening (Dilly and Wolken, 1973), and the circular muscle fibers lying immediately 
below them, reappear more rapidly, within about 5-10 days after amputation (Auger et al., 2010).  
Nerve tracts from the siphon stump are also re-extended into the regeneration blastema during 
the early stages of OS regeneration (Auger et al., 2010).  
Recent studies have focused on the source and deployment of stem cells for Ciona distal 
regeneration (Jeffery, 2015b).  The stem cells involved in OS replacement are located in lymph 
nodes lining the transverse vessels of the branchial sac, thus explaining why the latter is required 
for regenerative activity (Hirschler, 1914; Jeffery, 2015b).  The same or closely related cells 
were previously identified as hematogenic stem cells in Ciona and other solitary ascidians 
(Ermak, 1975; 1976).  A subset of these hemocytes is also the precursor of body muscle cells in 
colonial ascidians (Berrill, 1941; Sugino et al., 2007).  The stem cells of the branchial sac initiate 
proliferation in response to distal injuries and invade the wounded areas to form the blastema 
(Jeffery, 2015b).  Subsequently, new OPO and siphon muscle fibers are formed, and the 
regenerating OS re-grows to full length (Auger et al., 2010).  As adult Ciona age, the pool of 
stem cells may decline or lose potency, resulting in reduced regeneration capacity (Jeffery, 
2015b).  Ciona has served as a model for understanding the molecular aspects of embryonic 
development (Satoh, 1994; 2014) and benefits from extensive molecular tools (Stolfi and 
Christiaen, 2012), including a sequenced genome (Dehal et al., 2002), EST collections (Satou et 
al., 2002; Tassy et al., 2010), and microarrays (Yamada et al., 2005; Azumi et al., 2003, 2007).  
However, these exceptional resources have yet to be exploited in regeneration studies.   
In this investigation, microarray analysis and quantitative real time RT-PCR have been 
employed to identify differentially expressed genes during Ciona OS regeneration.  Analysis of 
gene expression profiles showed that while most genes are downregulated, consistent with roles 
in normal growth and physiology and temporary suppression during an injury response, a smaller 
subset of genes is upregulated, suggesting potential roles in the regenerating OS.  The 
upregulated genes include some key members of the Notch-signaling pathway, such as those 
encoding the ligands delta1 and jagged, two of the fringe modulators, and to a lesser extent the 
notch receptor.  Chemical inhibition of Notch signaling suppressed cell proliferation in the 
branchial sac and regeneration blastema and prevented OPO replacement and siphon muscle cell 
differentiation.  These results suggest that Notch signaling has a conserved role in formation of 
the chordate regeneration blastema and constitute the first molecular analysis of OS regeneration 
in the ascidian Ciona intestinalis. 
Materials and Methods 
Biological materials and procedures 
Ciona intestinalis, Type B, was collected in the vicinity of Woods Hole, MA, USA and 
maintained in tanks of running seawater.  Some animals were also obtained from fertilized eggs 
cultured in a closed system as described by Jeffery (2015b).  Animals were relaxed by treatment 
with 200µg/ml tricaine methanesulphonate (MS222; Sigma Aldrich, St. Louis, MO, USA) and 
the OS was amputated with micro-scissors and watchmaker’s forceps as described previously 
(Auger et al., 2010).  Following amputation the regenerating animals were placed in running 
natural seawater or Millipore filtered seawater (MFSW) for recovery. 
 
Preparation of oral siphons for RNA extraction 
The procedure for obtaining control and regenerating OS is summarized in Figure 1A.  We 
used the siphons from five animals of equal size (8 cm in length) for each RNA extraction, which 
was carried out at 0 (control), 3, 6, and 9 days post-amputation (dpa).  The tunic was removed by 
dissection prior to OS amputation (Auger et al., 2010).  The OS of each animal was excised by 
cutting through a plane perpendicular to its long axis.  The amputation plane was located about 
three quarters of the way from the distal rim to the siphon base.  Each excised OS was 
immediately placed in RNA Later (Sigma-Aldrich).  These amputations yielded the control OS 
(0 dpa) samples (Fig. 1A).  The animals subjected to the first OS amputation were separated into 
three groups, which were allowed to regenerate for 3, 6, or 9 dpa respectively.  At the desired 
time, the regenerating OS was amputated again as described above and immediately immersed in 
RNA Later.  The second amputation yielded samples of regenerating OS at 3, 6, and 9 dpa (Fig. 
1A).  
 Microarray procedures 
To identify differentially expressed genes in regenerating oral siphons, total RNA was 
purified from the OS samples using the RNeasy micro kit (Qiagen, Valenica, CA, USA) 
following the manufacturer's protocols.  RNA was quantified using a NanoDrop-1000 
spectrophotometer, and quality was monitored with the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA).  Two microarray experiments were performed for each 
set of samples (control, 3, 6 and 9 dpa).  cRNA targets labeled with cyanine-3 were synthesized 
from 200 ng total RNA using a Quick Amp Labeling Kit for one color detection (Agilent 
Technologies).  A set of fluorescently labeled cRNA targets was employed in a hybridization 
reaction with the Ciona intestinalis 44k Oligoarray ver.2 (Agilent Technologies; NCBI GEO 
Accession No. GPL5576).  The chip contains 42,034 oligonucleotide probes representing 19,964 
genes.  Hybridization and washing were performed using the GE Hybridization Kit and GE 
Wash Pack (Agilent Technologies) and then scanned on an Agilent Technologies G2565BA 
microarray scanner system with SureScan technology.  The protocols for the above procedures 
were used according to the manufacturer's instructions.  The intensity of probes was determined 
from scanned microarray images using Feature Extraction 10.5 software (Agilent Technologies). 
The algorithms and parameters in this analysis were used in the default condition of the software 
(Yamada et al., 2005).  Some probes that were judged as beyond analysis by Feature Extraction 
10.5 software were eliminated from the following analysis.  The data are available at NCBI GEO 
under accession number GSE59280.  The raw data were normalized using the 75th percentile 
signal intensity.  The genes differentially expressed between control OS and regenerating OS 
were determined at each stage by one-way ANOVA (P< 0.05) and fold change (cut offs >1.5, 
5.0, and 10.0) using GeneSpring GX (Agilent Technologies).  The differentially expressed genes 
were linked to established gene models and ESTs (Satoh et al., 2008) and the best-hit NCBI 
human genes by BLAST. 
 
Quantitative real time RT-PCR  
Quantitative real time RT-PCR (qPCR) was carried out with total RNA extracted from the 
same control and regenerating OS RNA samples used for the microarray analysis.  Extracted 
RNA was quantified using a 2100 Bioanalyzer and RNA 6000 Nano Assay Kit (Agilent 
Technologies) and a NanoDrop 2000 microscale spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA).  cDNA was created using 500 ng of RNA according to the instructions 
supplied with the SuperScript VILO cDNA Synthesis Kit (Life Technologies, Grand Island, NY, 
USA).  Primers for Ciona intestinalis Type B genes were designed by Primer3 (v 4.0.0) 
(Koressaar et al., 2007; Untergrasser et al., 2012) using Ciona intestinalis Type A KH gene 
models and Ciona intestinalis Type B genome sequences (Satou et al., 2008; Tassy et al., 2010).   
The genes and primers used in qPCR determinations are summarized in Supplementary Table 1.  
Real-time PCR was performed using Power SYBR Green PCR Master Mix and a StepOnePlus 
System based on the manufacturer’s protocol (Life Technologies).  The ∆Ct value was calculated 
by normalizing gene expression values in the OS of regenerating animals and the control OS 
using the StepOnePlus System software.  Dissociation curves were used to confirm that single 
PCR products were amplified.  Statistical analysis of the qPCR results was done using Student’s 
t-and ANOVA tests. 
 
Riboprobe preparation and in situ hybridization 
Clones from a Ciona Aniseed cDNA library (Tassy et al., 2010) were used to prepare the 
delta1 (KH.L155.7.v1.A.SL1-1) and hes-b (KH.C3.312.v2.R.ND2-1) riboprobes.  The coding 
regions of these genes were amplified by PCR using the delta1 forward primer 5’ - GAA ACG 
GTG TAA CTG GAG CC - 3’ and reverse primer 5 -GGT CTC TCA CAA GTT CCA TGC-3’ 
and the hes-b forward primer 5’-GAA GAC GGT AAT GAC TCC ACA AT-3’ and reverse 
primer 5’-CTA CCT TGG ACA TTG CTT TTG CT-3’.  A fragment of the notch 
(KH.C9.176.v8.A.ND2-1) coding region was amplified from adult Ciona genomic DNA using 
the forward primer 5’-CGG GCA AGA AAC CTC GTC GTC A-3’ and reverse primer 5’-CTG 
AAC TGG TGC GGA ACC CCT-3’.  The DNA polymerase-Platinum PCR Super Mix (Life 
Technologies) was used for PCR with the following conditions: 3 min at 94°C, then 30 cycles of 
30 sec at 94°C, 30 sec at 60°C, 1.5 min. at 72°C, and a final extension for 4 min at 72°C.  The 
PCR products were cloned into the TOPO TA Dual promoter-cloning vector (Life Technologies) 
and confirmed by sequencing.  The probes were made using the DIG RNA Labeling Kit 
(SP6/T7) (Roche Life Science, Indianapolis, IN, USA).  In some cases the delta1 and hes-b 
probes were hydrolyzed to about 400 bases by treatment with 25 mM NaHCO3 and 17 mM 
Na2Co3 for 10 min at 60°C, and then purified by precipitation in 3M sodium acetate.  
We conducted in situ hybridization on young animals (1-1.5 months old; 2-3 mm in length) 
grown in culture (Jeffery, 2015b) and on older animals (1-2 cm in length) growing in sea tables 
in the Marine Biological Laboratory, Woods Hole.  Established procedures for juvenile Ciona 
intestinalis were used for in situ hybridization of the young animals (Ogasawara et al., 2001; 
2002).  A modified whole mount in situ hybridization procedure was developed for larger 
animals to increase the efficiency of probe penetration into the interior of the body.  In the latter 
procedure, animals were relaxed in 0.02% MS222 (Sigma-Aldrich)-MFSW for about 15 min, 
and the outer tunic and as much of the inner tunic as possible were removed manually by 
dissection.  During the dissection some animals were purposely turned inside out (Jeffery, 
2015b) to expose interior tissues and organs during the subsequent fixation, permeabilization, 
and hybridization steps.  The specimens were fixed in 4% paraformaldehyde (PFA) in 0.5 M 
NaCl-MOPS (pH 7.0) buffer overnight at 4°C, then dehydrated through an increasing ethanol 
series to 100% ethanol, and stored in 100% ethanol at -20°C.  The in situ hybridization and 
washing procedures were conducted essentially as described by Ogasawara et al. (2001; 2002) 
with the following modifications:  the specimens were incubated in 10 µg/ml Proteinase K 
dissolved in PBST at 37°C for 30 min and hybridized at 42°C in hybridization buffer containing 
200 or 1000 ng/ml of antisense or sense DIG labeled riboprobe.  The specimens were stained 
with BM purple or NBT (Roche) and viewed by light microscopy. 
 
Chemical inhibition of notch signaling 
The Notch pathway inhibitors DAPT (Dovey et al., 2001) and Compound E (Seiffert et al., 
2000) were purchased from Tocris Bioscience (Bristol, UK) and Abcam (Cambridge, MA, USA) 
respectively.  Stock solutions of the inhibitors were prepared in DMSO and aliquots were added 
to suspensions of regenerating animals to final concentrations of 100 µm in MFSW 12 hrs prior 
to OS amputation.  After OS amputation the regenerating animals were treated with the 
inhibitors continuously for 8 days with fresh changes of inhibitor dissolved in MFSW added 
every 2 days.  The unoperated controls were treated with DMSO dissolved in MFSW to the same 
final concentration as in the DAPT and Compound E solutions.   
 
Detection of cell proliferation 
Proliferating cells were detected by 5-ethynyl-2’-deoxyurdine (EdU) incorporation into 
replicating DNA (Auger et al., 2010; Jeffery, 2015b).  To detect cell proliferation in the 
regeneration blastema, regenerating animals 2-3 cm in length were incubated with 200 µM EdU 
(Invitrogen, Carlsbad, CA, USA) in 20 ml volumes of MFSW beginning immediately after OS 
amputation, and EdU was chased by rinsing three times with MFSW and incubating in MFSW 
without EdU for 4 days.  Some EdU treated regenerating animals were also incubated with 
DAPT or Compound E at the same time EdU was added, and the inhibitor treatment was 
continued during the entire labeling and chase period.   To determine cell proliferation in the 
branchial sac, regenerating animals were subjected to 48 hrs of EdU labeling followed by a 24 hr 
chase.  To detect cell proliferation in the OS regeneration blastema, the animals exposed to EdU 
for 48 hrs were chased for 4 days.  After completion of the EdU labeling regimes, animals were 
fixed for 14 hrs in 5% formalin-MFSW, rinsed 3 times in 1 X PBS (PBS), permeabilized for 1 hr 
with 0.5% Triton X-100 in PBS, rinsed 3 times in PBS, and processed for EdU detection using 
Alexa Fluor azide 488 at room temperature according to the directions supplied with the Click-
iTTM EdU Alexa Flour High Throughput Imaging Assay Kit (Life Technologies).  The EdU 
labeled specimens were imaged by fluorescence microscopy.  EdU labeling in the regeneration 
blastema was quantified by counting labeled cells in 400 µm2 areas in OS flat mounts (Auger et 
al., 2010; Jeffery, 2012).  EdU labeling in the branchial sac was quantified by counting labeled 
cells in 100 µm2 regions in the distal thirds of dissected branchial sacs flattened under a 
microscope cover glass.  
 
Phalloidin staining 
To detect muscle fibers, control unoperated animals, normal regenerating animals, and 
regenerating animals treated with DAPT or Compound E were fixed for 1 hr in 5% formalin-
MFSW, washed three times in PBS (10 min), incubated in PBS containing 0.1% Triton X-100 
(30 min), washed three times in PBS (10 min), and incubated in the dark at room temperature 
with 25µg/ml of rhodamine-phalloidin (Molecular Probes, Eugene, OR, USA).  After staining, 
the specimens were washed three times in PBS (10 min), and flat mounts (Auger et al., 2010) 
were prepared and viewed by fluorescence microscopy. 
 
Siphon contraction assay 
To assay siphon contraction, the distal area between the oral and atrial siphons of control 
animals, regenerating animals, and regenerating animals treated with DAPT or Compound E was 
stimulated manually with a small glass probe.  Immediately after stimulation and contraction the 
animals were fixed in 5% formalin-MFSW and processed for phalloidin staining as described 
above. 
 
Results 
 
Differential gene expression during oral siphon regeneration 
Microarray analysis was used to identify differentially expressed genes during oral siphon 
(OS) regeneration.  We compared transcript levels in the regenerating OS at 3, 6, and 9 post-
amputation (dpa) to those in the control OS (0 dpa) (Fig. 1A).  Genes were classified as 
upregulated if they were increased at least 1.5-fold above the control levels, or downregulated if 
were decreased at least 1.5-fold below the control levels.  According to these criteria, the number 
of downregulated genes was greater than the number of upregulated genes at all three stages of 
OS regeneration (Fig. 1B; Table 1).  However, the proportion of upregulated genes relative to 
downregulated genes was increased at 5 and 10 fold change values, particularly at 6 and 9 dpa, 
suggesting that some genes show especially high levels of expression during OS regeneration.  
Supplementary Tables 2-4 show lists of the thirty most-highly upregulated genes at 3 dpa, 6 dpa, 
and 9 dpa.   
 We selected eight highly upregulated genes from the microarray analysis (Supplementary 
Tables 2-4) and verified their expression changes by qPCR (Fig. 2A; Supplementary Figure 1).  
The microarray based upregulation of the barH-like1 gene encoding a transcription factor 
involved in fate determination of vertebrate neural structures (Bulfone et al., 2000), the trefoil 
factor (tff) gene that functions in vertebrate gastric mucosa healing (Otto and Patel, 1999) and is 
expressed in the epidermis of the ascidian Ciona savignyi (Sommer et al., 1999), the fox M1 gene 
that has a key role in cell cycle progression (Wierstra and Alves, 2007), and the netrin-4 gene 
encoding an axon guidance factor (Yin et al., 2000) were confirmed by qPCR (Fig. 2A).  
Upregulation of the nicotinamide nucleotide transhydrogenase (nnt) gene encoding a 
mitochondrial proton pump involved in free radical detoxification (Arkblad et al., 2002; Baz 
Jackson, 2003), the bud31 gene encoding a putative transcriptional regulator (Hia et al., 1995), 
the usherin B gene encoding a basement membrane protein (Pearsall et al., 2002), and the proline 
rich protein 11 (prp 11) gene involved in cell cycle progression (Ji et al., 2013) were also 
confirmed by qPCR, although their expression levels were more modest than those suggested by 
microarray analysis (Fig. 2A).  The barH-like1, netrin 4, usherin B, and tff1 genes, which 
showed high expression at 3 dpa, were reduced to lower levels at 6 and 9 dpa, suggesting that 
they are likely to be most active early during OS regeneration.  In contrast, microarray and qPCR 
analysis showed relatively similar upregulation of the fox M1, nnt, bud31, and prp11 genes at all 
three stages of OS regeneration, consistent with the occurrence of cell proliferation during this 
process (Auger et al., 2010; Jeffery, 2012).    
According to the microarray analysis, three highly upregulated genes corresponding to 
gene models KH.C3.33, KH.C3.72, and KH.C7.123 with sequence similarity to the extracellular 
domain of the notch receptor were also highly upregulated during siphon regeneration, and 
significant increases in the expression of two of these genes were confirmed by qPCR (Fig. 2A).  
However, none of these genes contain a notch intracellular domain, and their relationship to the 
Notch signaling pathway, if any, is uncertain.  
In summary, microarray and qPCR analysis showed that genes with diverse functions 
related to transcriptional regulation, cell cycle regulation, cell adhesion, wound healing, neural 
differentiation, and metabolic processes are upregulated during OS regeneration. 
 
Notch signaling genes 
We next focused on the Ciona Notch genes because this signaling pathway has been 
implicated in whole body regeneration in the colonial ascidian Botryllus (Rinkevich et al., 2008) 
and has important roles in vertebrate regenerating systems (Beck et al., 2003; Grotek et al., 2013; 
Münch, et al., 2013).  
Of 26 Notch signaling genes, we identified 26 differentially expressed genes by microarray 
analysis, and 14 of these genes, including members of the DSL, deltex, hes, fringe, CSL and 
neuralized classes, showed downregulation at 3, 6, and 9 dpa (Fig. 1C; Fig. 2B, C; 
Supplementary Table 5).  qPCR confirmed the downregulation of some deltex3 genes and fringe 
genes, although the expression differences were not significant.  In contrast, microarray analysis 
showed that the Notch signaling genes delta1,  jagged, hes-c, fringe 1, fringe 8, and atonal were 
upregulated at one or more stages of OS regeneration (Fig. 1C, 2B, C).  Upregulation of the latter 
genes was confirmed by qPCR, although significance was reached only for the delta1, jagged, 
fringe 1, and fringe 8 genes (Fig. 1C; 2B, C).  The deltex and hes-1 genes, which were 
determined to be downregulated by microarray analysis, instead appeared to be upregulated 
when examined by qPCR (Fig. 1C; 2B, C).  With the exception of the latter genes, qPCR 
generally confirmed the direction of gene expression changes identified by microarray analysis.  
Because of their important roles in Notch signaling, we quantified the expression of three 
Notch genes that were not detected as differentially expressed during OS regeneration according 
to the microarray screen: deltex 3c, Su[H], and notch (Fig. 2B, C).  The deltex 3c and Su[H] 
genes showed downregulation and upregulation respectively during OS regeneration by qPCR, 
but the levels of expression change were not significant.  The expression levels of Ciona notch 
were also investigated.  The results showed modest up-regulation of notch at 3 dpa, 6 dpa, and 9 
dpa, although the levels also did not reach significance (Fig. 2B).  
In summary, the results of microarray and qPCR analysis suggest that the expression of 
some Notch signaling pathway genes are changed during OS regeneration: most of these genes 
are downregulated but a few genes, including delta1, jagged, fringe 1, fringe 8, and probably to a 
lesser extent notch, are upregulated.  
 
Localization of Notch pathway transcripts during regeneration 
To determine the location of Notch function in regenerating animals, we determined the 
regions of delta1, notch, and hes-b expression by in situ hybridization (Fig. 3).  Transcripts of 
these genes were detected throughout the OS of control animals (Fig. 3A-C).  However, delta1, 
notch, and hes-b expression were detected in more localized regions in the regenerating OS (Fig. 
3D-I).  All three genes were expressed in a belt of regenerating OS tissue, which included the 
blastema and differentiating circular and longitudinal muscle fibers (Auger et al., 2010; see 
below).  The expression of delta1 mRNA was detected in a band around the entire circumference 
of the regenerating OS (Fig. 3D, G).  The delta1 labeled cells included small round mesenchymal 
cells, which were strongly labeled, and both circular and longitudinal muscle fibers (Fig. 3G).  
The expression of notch mRNA was also localized in regenerating tissue, but restricted to 
alternating zones within the delta expression band spaced between the distally located OPO (Fig. 
3E, H).   Similar to delta1 expression, the notch expressing cells included small mesenchymal 
cells, which were strongly labeled, and circular but not longitundinal muscle cells (Fig. 3H).  The 
expression of hes-b was localized in both types of regenerating muscle fibers (Fig. 3F, I).  None 
of these genes were expressed in the regenerating OPO themselves or in the wound epidermis 
along the distal margin of the OS (Fig. 3D-I).  Thus, the regions of delta1, notch, and hes-b 
expression correspond to the blastema and differentiating muscle fibers in the regenerating OS 
(Auger et al, 2010 and below). 
Notch signaling pathway genes also showed distinct expression patterns in the body tissues 
and organs of regenerating animals (Fig. 4).  It is important to note, however, that the expression 
of these genes is not relevant to the microarray or qPCR results, which measured relative RNA 
levels obtained from the isolated OS rather than the entire body (Fig. 1A).  Strong notch 
expression was detected in the endostyle, the transverse vessels of the branchial sac, and the 
neural complex (Fig. 3D, E; also see Fig. 4A-D).  The lymph nodes, which are distributed 
periodically along the transverse vessels and contain the stem cell niche that produces progenitor 
cells involved in OS regeneration (Jeffery, 2015b), showed intense notch expression (Fig. 4B).  
In contrast, delta1 was not expressed in the endostyle or the neural complex (Fig. 3D), although 
weak expression was detected in cells lining the stigmata (i. e. gill slits) of the branchial sac as 
described previously (Shimazaki et al., 2006).   We detected hes-b expression in body wall 
muscle (Fig. 3F) and the stigmatal cells of the branchial sac (Fig. 4E, F).  
The results suggest that the three Notch genes are expressed in regions of cell proliferation 
and muscle cell differentiation in the regenerating OS and of stem cell localization in the 
branchial sac. 
 
Role of the Notch pathway in oral siphon regeneration 
The role of the notch pathway in OS regeneration was explored using the gamma-secretase 
inhibitors DAPT and Compound E (Seiffert et al., 2000; Dovey et al., 2001).  In these 
experiments, controls treated with DMSO and inhibitor pre-treated animals were subjected to OS 
amputation and assayed for regeneration.  We used inhibitor concentrations that were previously 
shown to be effective in inhibiting Notch signaling in Ciona embryos (Hudson et al., 2007).  The 
effectiveness of Notch pathway inhibition in our experiments was confirmed by comparing the 
expression levels of notch and hes-b, which function upstream and downstream respectively of 
the targeted gamma-secretase step.  In situ hybridization showed no detectible effects of DAPT 
or Compound E treatment on notch expression (Fig. 4A-D) but the inhibitors reduced or 
eliminated hes-b expression (Fig. 4E, H) in regenerating animals, suggesting that they are also 
effective in suppressing Notch signaling in adult Ciona.  
We used several criteria to follow regenerative activity: (1) the formation of a wound 
epidermis along the severed stump of the OS, (2) the replacement of OPO at the rim of the OS, 
(3) cell proliferation in the OS blastema, and (4) cell proliferation in the stem cell niche in the 
transverse vessels of the branchial sac.   Most DMSO treated controls showed OPO regeneration 
by 6 dpa (Fig. 5A, G).  In contrast, OPO were not replaced in DAPT or Compound E treated 
animals during the same time period (Fig. 5B, C, G).  However, although single orange pigment 
cells differentiated throughout the siphon stump (Fig. 5B, C), suggesting the lack of non-specific 
toxic effects of the inhibitors.   The inhibitor treated animals also showed smooth OS rims, 
indicative of a normal wound epidermis.  These results imply that disruption of the Notch system 
affects OPO morphogenesis but not pigment cell differentiation or the formation of a wound 
epidermis.   
The effects of DAPT and Compound E on cell proliferation in the OS regeneration 
blastema and the branchial sac were determined by EdU labeling.  The regeneration blastema of 
control animals showed high levels of EdU-labeled cells (Fig. 5D, H), as described previously 
(Auger et al. 2010; Jeffery, 2012; 2015b).  In contrast, EdU labeling was substantially decreased 
in the blastemas of DAPT and Compound E treated animals (Fig. 4E, F, H), although not in the 
wound epidermis (Fig. 5E, F).  Figure 5I-K shows cell proliferation in the branchial sac of 
control and inhibitor treated animals.  EdU labeling was intense in the transverse vessels of the 
branchial sac in control animals (Fig. 5I, H), consistent with the induction of stem cell 
proliferation as a response to distal injury (Jeffery, 2015b), but was reduced to background levels 
in the transverse vessels of inhibitor treated animals (Fig. 5J, H).  These results support the 
possibility that the Notch pathway may control cell proliferation in the branchial sac and OS 
regeneration blastema.  
 
Role of the notch pathway in siphon muscle regeneration 
Because delta1, notch, and hes-b transcripts were expressed in muscle cells of the 
regenerating OS, we next investigated the effects of inhibiting the Notch pathway on muscle 
differentiation.  These experiments were carried out using OS amputated animals treated with 
MFSW containing DMSO (controls) or MFSW containing DAPT or Compound E, and the 
extent of muscle fiber replacement was determined by phalloidin staining of actin filaments (Fig. 
6).  The OS of normal (un-operated) animals contains a meshwork of circular and longitudinal 
muscle fibers located immediately below the OPO and distal siphon rim (Fig. 6A).  After OS 
amputation, the muscle fibers are gradually replaced (Fig. 6B-D).   The regenerating OS begins 
to show phalloidin-positive circular muscle fibers by 2 dpa.  The nascent circular muscle fibers 
are first detected in zones spaced periodically around the OS circumference (Fig. 6B).  The 
circular muscle fibers have completely reformed around the circumference of the regenerating 
OS by 4 dpa, but replacement of the longitudinal muscle fibers was still not evident (Fig. 6C).  
Both circular and longitudinal muscle fibers were reformed by 6 dpa (Fig. 6D).  In contrast, 
neither phalloidin-positive circular nor longitudinal muscle fibers were detected in the OS stump 
by 6 dpa in animals treated with DAPT or Compound E (Fig. 6E, F, H, I).  In both DAPT and 
Compound E treated animals, however, rhodamine phalloidin activity associated with the 
regenerating oral tentacles was present (Fig. 6D-F), suggesting that the effects of Notch signaling 
inhibition were specific for muscle cell differentiation.   These results suggest that muscle fiber 
differentiation in the regenerating OS is dependent on Notch signaling. 
To determine whether OS contraction is also dependent on Notch signaling, we manually 
stimulated the distal region of the control animals, regenerating animals, and regenerating 
animals treated with Notch inhibitors to provoke contraction and examined siphon muscle 
organization by phalloidin staining.  These experiments were carried out with control and DAPT 
or Compound E pre-treated animals, prepared as described above.  As an additional control, we 
also examined the contraction of the atrial siphon, which occurred in all specimens regardless of 
whether or not the OS was amputated (Fig. 6G-I).  During the first few days after amputation, the 
regenerating OS of control animals did not show contractile activity (data not shown).  By about 
4-6 dpa, and coinciding with the reformation of the circular muscle bands, the regenerating OS 
regained contractive ability, as determined by reduced siphon width and decreased spacing and 
shortening of the actin meshwork of circular muscle bands following stimulation (Fig. 5G).  In 
contrast, the regenerating OS of DAPT or Compound E treated animals, which lacked reformed 
siphon musculature, failed to contract after stimulation (Fig. 6H, I).  The atrial siphons of the 
control and inhibitor treated animals showed normal contractile activity (Fig. 5H, I).  These 
results demonstrate that the restoration of muscle contraction during OS regeneration is 
dependent on Notch signaling.      
Discussion 
The present investigation has revealed a large number of genes with changes in expression 
profiles during Ciona OS regeneration.  Microarray analysis showed that the majority of these 
genes are downregulated during OS regeneration.  The downregulated genes presumably 
function during normal adult growth and physiological homeostasis, which probably ceases 
temporarily as a response to siphon injury.  Microarray and qPCR analyses also identified a 
smaller subset of genes with increased expression profiles in the regenerating OS.  These genes 
encode factors involved in cell proliferation, wound healing, nerve re-growth, and metabolism 
that may be important in the process of OS regeneration and will serve as the foundation for 
future molecular analysis of Ciona regeneration.   
Further analysis of the genes earmarked by microarray and qPCR analyses revealed a 
possible role for the Notch signaling pathway in Ciona OS regeneration.  The well-studied Notch 
signaling pathway (Andersson et al., 2011; Guruharsha et al., 2012) begins with the activation of 
notch receptors by delta/serrate-jagged family ligands.  Receptor activation then promotes the 
cleavage of notch by gamma-secretase and the release of the notch intracellular domain, which 
enters the nucleus and interacts with the repressed form of the CSL nuclear activator.  The 
activation of CSL leads to the transcription of the Notch pathway target genes, including 
members of the hes gene family.  Many activators and repressors interact with the notch pathway 
to modulate its suppression in cells and tissues where it is silent or active and its interactions 
with other signaling systems.  The Notch signaling genes showed patterns of differential 
expression similar to other genes analyzed by microarray analysis during OS regeneration: most 
were downregulated, although a few key genes showed upregulation.  The genes encoding the 
ligands delta1 and jagged, the notch regulators fringe 1 and 8, and to a lesser extent the notch 
receptor, were identified as differentially regulated by microarray analysis and/or qPCR.    In situ 
hybridization showed that three Notch genes, delta1, notch, and hes-b, are expressed in localized 
regions of the OS regeneration blastema.  Chemical inhibition of the Notch pathway prevented 
some of the major events of OS regeneration (see below).  Together these results suggest that the 
Notch signaling system is involved in Ciona OS regeneration.  Although this is the first 
demonstration of the involvement of Notch signaling in Ciona regeneration, it was previously 
reported that Notch pathway genes might be involved in whole body regeneration in the colonial 
ascidian Botryllus (Rinkevich et al., 2008).  Therefore, Notch signaling could have a general 
function in the replacement of tissues and organs during ascidian regeneration.  Notch signaling 
is also involved in amphibian tail regeneration (Beck et al., 2003) and vertebrate heart and 
skeletal muscle regeneration (Raya et al., 2003; Buas and Kadesch, 2010; Zhao et al., 2014). 
Previous studies defined a sequence of events that occur during OS regeneration in Ciona 
(Auger et al., 2010; Jeffery, 2015b).  These events are: (1) the initiation of cell proliferation by 
stem cells located in the lymph nodes and transverse vessels of the branchial sac, (2) the 
formation of a wound epidermis at the site of injury, (3) the migration of progenitor cells (and 
some of the stem cells themselves) from the branchial sac into the region surrounding the wound 
epidermis to form a regeneration blastema, (4) the differentiation of pigment cells in the 
blastema and their assembly into OPOs, and (5) the re-appearance of circular and longitudinal 
muscle fibers in the regenerating OS.  Chemical inhibition with DAPT and Compound E, which 
was controlled by assessment of inhibitor effects on the expression of notch and the Notch 
downstream target hes-b, suggested that Notch signaling is required for some but not all of these 
events.  First, suppression of Notch signaling reduced the number of proliferating cells in the 
branchial sac and regeneration blastema.  Previous results showed that proliferating cells of the 
blastema are originally derived from stem cells located in the lymph nodes of the branchial sac 
(Jeffery, 2015b).  Therefore, the effects of notch inhibitors on blastema cell proliferation could 
suppress stem cell proliferation in the branchial sac prior to the migration of progenitor cells 
toward the site of injury.  These results are consistent with other studies showing that Notch 
signaling is required for the maintenance of cell proliferation in regenerating vertebrate tissues 
(Grotek et al., 2013; Münch et al., 2013).  The branchial sac also serves as a reservoir of 
hematopoietic stem cells in Ciona and other ascidians (Ermak, 1975; 1976), and Notch signaling 
plays an important role in regulating the vertebrate hematopoietic stem cell niche (Suzuki and 
Chiba, 2005).  Second, Notch suppression prevented the assembly of OPO, although it did not 
affect the differentiation of new pigment cells, discounting non-specific toxic effects of the 
inhibitors.  In contrast to other events during siphon regeneration, the production of new pigment 
cells does not require cell division (Jeffery, 2015b), suggesting Notch signaling may be involved 
in another aspect of OPO formation.  An intriguing possibility is that Notch signaling is required 
for the re-formation of the neural ganglia at the base of OPO receptors (Auger et al., 2010).  
Third, phalloidin-staining experiments showed that siphon muscle differentiation was prevented 
by chemical inhibition of Notch signaling.  In the same experiments, there were no obvious 
effects on actin staining in the regenerating tentacles, proving further support for the absence of 
non-specific toxic effects of the inhibitors.  The localization of delta1, notch, and hes-b 
transcripts in the regions of the regenerating OS containing proliferating cells and differentiating 
muscle fibers is also consistent with a role for Notch signaling in regeneration.  The delta1, 
notch, and hes-b transcripts were not detected in the developing OPO or in the wound epidermis.  
Consistent with Notch independent formation of the wound epidermis, DAPT or Compound E 
also did not affect cell proliferation in this tissue, although it greatly reduced proliferation in the 
adjacent regeneration blastema.   
Our results implicating the Notch pathway in muscle differentiation during OS 
regeneration are consistent with the roles of this signaling system in Ciona larval tail muscle 
development (Hudson et al., 2007) and in juvenile cardio-pharyngeal muscle development 
(Razy-Krajka et al., 2014).  In the latter context, however, lateral inhibition via the Notch 
pathway appears to maintain the progenitors for juvenile muscle differentiation in an 
undifferentiated state rather than cause their differentiation into myocytes.  The Notch pathway 
probably has complex roles in myogenesis with opposing activities in different contexts and in 
different types of muscle cells (Mourikis and Tajbakhsh, 2014).  The circular muscles are the 
major type of siphon muscles that are reformed de-novo during OS regeneration.  When the 
siphon is amputated the circular muscle fibers and any satellite stem cells that may be associated 
with them are completely removed.  This is in contrast to the longitudinal muscle bands, which 
are severed but not eliminated by amputation.  Circular siphon muscle development may depend 
on unique developmental programs and follow different rules than other muscle systems, such as 
cardio-pharyngeal muscle or longitudinal body muscle.  Thus, circular muscle regeneration could 
be uniquely dependent on the proliferation of blastema progenitor cells derived from the 
branchial sac stem cell niche.  Supporting this possibility is our result showing that regenerating 
circular muscle fibers, like the branchial sac stem cells, express notch, whereas longitudinal 
muscle fibers are lacking detectable notch expression.  Further investigations will be required to 
determine the precise roles of the Notch pathway in siphon muscle regeneration.  Nevertheless, it 
can be concluded that the Notch signaling pathway, which is originally used to specify myogenic 
differentiation during embryonic and juvenile Ciona development, is re-deployed during siphon 
regeneration.  The recapitulation of ontogenetic programs has also been reported for 
morphological aspects of siphon regeneration in Ciona (Jeffery, 2015b).  
An important finding of the present study is that cell proliferation in the branchial sac stem 
cell niche and the regeneration blastema requires a functional Notch signaling pathway.  These 
results are consistent with recent experiments showing that the Notch system is also required for 
the maintenance of blastema cell proliferation during teleost fin regeneration (Grotek et al., 
2013; Münch et al., 2013).  Together, the results suggest that Notch signaling may have a 
conserved role in development of the chordate regeneration blastema.  Thus, it will be interesting 
to determine whether Notch signaling is also involved in epimorphic regeneration in the basal 
chordate amphioxus, which also has extensive regenerative powers (Somorjai et al., 2010).   
Our results open several possibilities for future molecular research in Ciona regenerative 
biology.  Siphon regeneration involves the regrowth and/or differentiation of severed nerve tracts 
(Auger et al., 2010).  Since Notch signaling was previously shown to be involved in central and 
peripheral nervous system development in ascidian embryos and larvae (Akanuma et al., 2002; 
Pasini et al., 2006; Hudson et al., 2007; Chen et al., 2011), the possible function of the Notch 
pathway during adult neural regeneration would be an important subject for future study.  
Furthermore, during the Ciona life span, the capacity for regeneration continuously declines until 
it is compromised near the end of life (Dahlberg et al., 2009; Auger et al., 2010; Jeffery, 2012).  
As a part of this decreased regeneration capacity, there is a reduction in the potency of stem cells 
located in the branchial sac (Jeffery, 2015b), possibly as a consequence of aging effects on the 
Notch signaling system.  It has been shown that a decline in the capacity of vertebrate skeletal 
muscle to regenerate is based on an antagonism between the Notch and TGFß-smad pathways, 
with the latter overriding the former in old age (Carlson et al., 2008).  Thus, it will be interesting 
to determine whether interactions between the Notch and TGFß signaling systems underline the 
decline of siphon regenerative capacity during Ciona aging.      
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Figure Legends 
Figure 1. Microarray analysis reveals differential gene expression during oral siphon 
regeneration.  A.  A diagram illustrating the procedure used to prepare regenerating oral siphons 
for RNA extraction at 0 (controls), 3, 6 and 9 days post amputation (dpa) (see Materials and 
Methods for details).  Horizontal blue lines indicate the approximate site of amputations.  B-C. 
Heat maps of microarray analysis showing (B) genes differentially expressed genes during oral 
siphon regeneration and (C) Notch pathway genes.  KH-C3.72 has sequence similarity to the 
extracellular domain of the notch gene but does not include a notch intracellular domain.  
Columns represent genes arranged by clustering of gene expression profiles.  Rows represent 
expression profiles from left to right at 3, 6, and 9 dpa.  Colors of rectangles represent gene 
expression differences (log2 fold change) in the regenerating siphons relative to that in the 
control siphon according to the color key. Magenta: upregulated.  Black: no difference.  Green: 
downregulated.  
Figure 2. Gene expression during oral siphon regeneration compared by microarray (blue 
bars) and qPCR (pink bars).  A. Microarray and qPCR comparisons of miscellaneous genes 
determined as highly upregulated by microarray (left columns), genes with sequence similarity to 
the extracellular domain of the notch gene (KH.C3.33, KH.C3.72, and KH.C7.123; right 
columns), and a GAPDH control (far right column).  B, C.  Microarray (when represented) and 
qPCR comparisons of differentially expressed Notch pathway genes.  The histograms show 
log10 fold changes in expression at 3, 6, and 9 dpa compared to control levels (0 dpa).  
Asterisks: significant qPCR values.  See Supplementary Figure 1 for non-standardized qPCR 
values and statistical considerations.  
Figure 3.  Localized Notch pathway gene expression during oral siphon regeneration.  In 
situ hybridization conducted before and after oral siphon amputation (9 dpa) in large (2-3 cm) 
adult animals.  A, D, G. delta1 mRNA.  B, E, H. notch mRNA. C, F, I.  hes-b mRNA.  A-C. 
Control (unoperated animals).  D-I.  Regenerating animals.  A-C and G-I.  The blastema of 
control (A-C) and regenerating (G-I) animals after isolation and flat mounting of the OS.  D-F.  
Whole mounts showing the intact OS in the same animals as in G-I.  NC: neural complex. E: 
endostyle.  OPO: oral siphon pigment organ. LM: longitudinal muscle fiber.  CM: circular 
muscle fiber.  MC: mesenchyme cell. 
Figure 4. In situ hybridization showing the expression of notch (A-D) and hes-b (E-H) 
genes at 5 dpa in regenerating young (1-2 mm) control (A, B, E, F) and DAPT (C, G) or 
Compound E (D, H) treated animals. BS: transverse vessels in the branchial sac.  E: endostyle.  
Arrows in B, F indicate mRNA localization in the branchial sac transverse vessels (B) or 
stigmata (F). 
Figure 5.  Role of Notch signaling in oral siphon pigment organ (OPO) replacement and 
cell proliferation in the blastema and the branchial sac during oral siphon regeneration.  A-C. 
OPO regeneration in untreated regenerating controls (A) and DAPT (B) or Compound E (C) 
treated animals at 6 dpa.  Arrows: regenerating OPO. Arrowheads: orange pigment cells. D-F.  
EdU labeling in the regeneration blastema (RB) of untreated regenerating controls (D) and 
DAPT (E) or Compound E (F) treated animals at 6 dpa.  Arrowheads: EdU labeling in the wound 
epidermis above the blastema.  G. A histogram showing the number of animals with regenerated 
OPO (colored bars) relative to the total number of animals (white bars) in untreated regenerating 
controls (red bars) and DAPT (green bars) or Compound E (blue bars) treated animals at 6 dpa. 
Differences are significant at p < 0.000 (DAPT) and p < 0.004 (Compound E) as determined by 
ANOVA (N = 6, 4 respectively).  H. Histograms showing the relative levels of EdU labeling in 
the regeneration blastema (RB) or branchial sac (BS) of regenerating controls (red bars) and 
DAPT (green bars) or Compound E (blue bars) treated animals at 3 dpa.  Differences are 
significant at p < 0.000 (DAPT and Compound E) as determined by ANOVA (N = 6, 6 
respectively).  I-K. EdU labeling of cells in the transverse vessels of the branchial sac of an 
untreated regenerating control (I) and DAPT (J) or Compound E (K) treated animals at 3 dpa.  
Animals are oriented with their distal poles (e.g. OS) on the left.  BS: branchial sac.  OS: oral 
siphon. 
Figure 6. Chemical inhibition of Notch signaling blocks muscle differentiation and 
contraction of the regenerating oral siphon.  A-F. Notch inhibition blocks muscle fiber 
differentiation.  A.  A normal (unoperated) oral siphon (OS) showing the meshwork of 
rhodamine phalloidin stained circular (CM) and longitudinal (LM) muscle fibers.  N= 14 
animals.  B-D.  Muscle fibers are replaced during oral siphon regeneration. B. 2 dpa: no muscle 
fibers are phalloidin stained.  4 dpa: circular muscle fibers are phalloidin stained.  6 dpa: circular 
and longitudinal muscle fibers are phalloidin stained.  N = 6-9 animals for each stage.  TB: 
Stained actin in oral tentacle band.  E, F.  Absence of phalloidin stained muscle fibers at 6 dpa in 
regenerating animals treated with DAPT (E) or Compound E (F).  N= 5 animals for each 
inhibitor.  G-I.  Notch inhibition blocks oral siphon contraction.  G. Phalloidin staining of muscle 
bands showing contractile oral and atrial siphons in controls.  N= 6 animals.  H, I. Phalloidin 
staining showing lack of contraction of the oral siphon and contraction of the atrial siphon (AS) 
in DAPT (H) or Compound E (I) treated animals at 6 dpa.  Dashed lines outline the siphon 
margins.  N= 12 or 16 animals respectively for each inhibitor. 
 






 Table 1.  The proportion of downregulated and upregulated genes compared at various times during oral siphon regeneration. _________________________________________________________________________________________________________ Cut-off Value        Downregulated Genes        Upregulated Genes (fold change)    __________________________________         _______________________________________              3 dpa         6 dpa            9 dpa        3 dpa         6 dpa            9 dpa          1.5   6317         6274              6155          850      1689              1686         5.0                                 439           937                 791                  71                    488                 444       10.0       66            170                172                  18                     159                146  _________________________________________________________________________________________________________ 
